The oxidation of W(110) was studied over a temperature a range of 1000 K to 1600 K at 1x10 −6 Torr oxygen. The subsequent oxide structure was then characterized using Low Energy Electron Diffraction (LEED) and Scanning Tunneling Microscopy (STM). It was found that the resulting structure was remarkably similar to that of Mo (110)oxidized under similar conditions. Using the Mo(110) oxide structure as our basis, along with atomic resolution STM images, we have constructed a model for the surface oxide of W(110).
Introduction
Understanding the mechanisms of the initial growth stages of transition metal oxides is interesting for both the applied and fundamental sciences. These oxides often have unique electrical and chemical properties making them important in many areas of industry, including surface coatings, and for industrial catalysts. They are used in oxidation reactions for fuel processing, chemical production, and pollution cleanup.
Over the years there has been considerable attention given to the oxygen structures in the W(110) surface. The ordered phases of adsorbed oxygen up to one monolayer are well characterized [1] [2] [3] [4] [5] [6] [7] . From room temperature up to 700 K and low oxygen pressure there are three chemabsorbed structures, p(2x1) , p(2x2) and p(1x1), corresponding to 1 2 , 3 4 , and 1 monoyayer coverage respectively [3] . With temperatures above 700 K and O 2 pressures of˜10 −6 Torr an oxide structure with a complex LEED pattern is reported [8, 2, 9, 5] . Earlier measurements concluded that the superstructure spots seen in LEED, Email address: radicak(at)TCD.ie (I.V. Shvets).
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which were described as c(14 x 7) in symmetry, were due to a compressed misfit overlayer [2] . This pattern, now more commonly referred to as a (1 x 1) x 12 has since been studied by a number of methods such as low energy electron diffraction (LEED), Auger electron spectroscopy (AES), thermal desorption spectroscopy, work function measurements, Photoelectron holography, X-ray photoelectron diffraction (XPD), and scanning tunneling microscopy (STM). The exact composition of this superstructure is still under debate. [2, 5, 6, [8] [9] [10] [11] . STM measurements made by Johnson et al. [10] found a local (1 x 1) symmetry of oxygen atoms that sit in the pseudo-threefold hollow sites of the (110) surface. This is the same site thought to be occupied in the p(2 x 1) structure formed at 0.5 monolayer (ML) [12] . Also, as part of the STM study [10] , the superstructure spots in the LEED pattern were explained by two types of striped (1 x 1) domains related by a site-exchange of two equivalent threefold-hollow adsorption sites on the surface, spaced at regular intervals of about 33Å giving a (1 x 12) periodicity along the [11 3] and [1 13 ] directions (cf. Fig. 1 of Ref. [10] ). In a more recent LEED and X-ray photoelectron diffraction ( XPD) study, Daimon et al. [9] again found this periodicity to be (1 Recently, considerable steps have been made in the microscopic understanding of oxide formation on TM surfaces. By combining experimental data with density functional theory (DFT) calculations, researchers have been able to gain vast insight in the formation of these oxides [13] [14] [15] [16] [17] [18] [19] [20] [21] . These studies have lead to some rather complex models for the initial oxide formation. For late transition metals and noble metals such as Pd and Ag it is now known that the oxidation process proceeds through ultrathin oxide layers, that are thermodynamically stable [22] [23] [24] [25] . The initial oxidation stages of Pd(111), Pd(100), Rh(111), Rh(110), Rh(100) and Mo(110) all show a common feature [18, 20, 23, 25, 26] . Their formation involves subsurface penetration of oxygen, likely through place exchange, resulting in the metal atoms being sandwiched between two atomic layers of oxygen, forming Oxygen-Metal-Oxygen (O-M-O) trylayer surface oxides. However, it was recently suggested that since many of the TM oxides wet their own metal surfaces, the adhesion energy should provide extra stabilization allowing a bulk-like surface oxide to form when the O 2 partial pressure is many orders of magnitude lower than required to maintain the bulk oxide [21] . In this paper we show that the initial oxidation stages of W(110) follow this trend, resulting in a bulk like WO 2 O-M-O try-layer surface oxide.
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Material and methods
For this study we used single crystal W(110) with the surface deviation from the (110) plane of less than 0.1
• . This substrate was placed in an ultra-high vacuum (UHV) chamber of base pressure below 10 −10 Torr. The chamber is equipped with Low Energy Electron Diffraction (LEED) and a Createc low temperature Scanning Tunnelling Microscopy (LT-STM). The W substrates were first cleaned using a standard procedure based on annealing the substrate at 1900 K in an O 2 atmosphere of 1 x 10 −7 Torr to remove surface carbon contamination, followed by a series of high-temperature (2200 K) flashes to remove the surface oxides. This process was repeated until a sharp W(110) p(1x1) LEED pattern was imaged. For these experiments the ultra pure oxygen was introduced to the chamber via a leak valve. The sample was heated via electron beam bombardment and temperatures were measured with an optical pyrometer (Ircon UX20P, emissivity 0.35).
All STM images were recorded at 77 K in constant current mode using currents of approximately 0.05 to 0.1 nA. The sample was biased with respect to the electrochemically etched W tips.
Results and discussion
Once a clean surface was obtained the samples were subject to a series of oxidations at a temperature range of 1000 K to 1600 K with 100 K increments. The chamber pressure was held constant at 1x10 −6 Torr oxygen, and the annealing durations were 15, 60, 90 and 180 minutes. The resulting surfaces were then characterized using LEED and LT-STM.
LEED
After each oxidation a LEED pattern was taken, and in all cases the results were the same. This pattern, which is shown in figure 1 , consists of the primary W(110) spots each with several orders of satellite spots visible. These satellite spots form rows along the [776] and [77 6] directions, 32
• off [11 0], with a a spot spacing equal 9 spacings along [111] or 24.6 ± 1Å in real space. This pattern can be explained as the result of two equivalent overlayer domains on the surface. However, for simplicity we will discuss things using only one domain. From LEED we can measure the orientation and dimensions of the oxide superstructure with respect to the W(110) surface, but get no details of it's atomic structure. This domain, illustrated by the yellow parallelogram on M A N U S C R I P T ACCEPTED MANUSCRIPT • and 35
• respectively, i.e. there is a 10
• angle between these two cases, and the [1 3 7] case lies in between the two at 31
• from [11 0] . It is unclear why there is such a variety of similar structures that appear in this surface under similar preparation conditions. These discrepancies my arise due to slight changes in sample preparation such as post annealing, or from differing interpretations of the experimental data. .
STM
In the STM imaging of this surface, figure 3a, we can see rows along the W [3 3 7] direction which are 24.5 ± 1.2Å wide, as predicted from the LEED data. These rows appear as bright regions with dark depressions in between them, giving an apparent corrugation of 0.5 ± 0.05Å with a +68 mV sample bias and 0.1 nA tunnelling current. This contrast is consistent over the applied bias range of ± 1.1 V, but the corrugation A C C E P T E D M A N U S C R I P T
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changes. We measured a a maximum corrugation of 0.7 ± 0.07Å at -60 mV and a minimum of about 0.4Å at ± 1.1 V. This image also gives us a very detailed picture of the oxide's atomic structure. First of all, if we follow the atomic structure along the dark region of the oxide row, we find a distinctive pattern that repeats every 13.0 ± 0.65Å. This results in an overlayer unit cell of 24.5 ± 1.2Å by 13.0 ± 0.65Å equal to that measured by LEED. Additionally, from this image we can define the surface mesh created by the oxide lattice. The oxide lattice spacing is α = 2.7 ± 0.14Å in a direction that is 2.5 ± 0. . If we take a line profile along the α direction there is a slight slope across the row, giving an overall difference in height of 0.15 ± 0.03Å with the left side being lower, as shown by the line profile in figure 3b . In addition to the slope, there is a 0.1 nm shift, or stacking fault, of the atomic rows in the W [3 3 7] direction, always occurring at the dark region of the rows, as highlighted by black lines in figure 3a.
We would like to highlight that these rows are significantly different than that imaged by Johnson et. al. [10] . Firstly, these rows are orientated along a slightly different direction, [3 3 7] , as opposed to [11 3] and they are around 10Å narrower that that seen by Johnson et. al.. More importantly, in the case of Johnson et. al. the rows were made of dark depressions of oxygen atoms of 1:1 registry with the substrate, separated by bright domain walls attributed to being the exposed substrate. In our case we have bright rows separated by a dark region, more like that reported for the initial oxide layer of Mo(110) oxidized under similar conditions [27] . This result is not unexpected since the Mo and W are both bcc metals in the same group of the periodic table with almost identical lattice constants. In addition to this, both metals have bulk dioxides of the same distorted rutile, space group P21/C, crystal structure and near identical lattice parameters. For this reason, we will use the results from the oxidation of Mo(110) for the basis of our model. To help the reader a model of the WO 2 structure is shown in figure 4 For the case of oxidized Mo(110) we found a LEED pattern similar to that which we are reporting for oxidized W(110), with rows along the Mo [11 3] and Mo [11 3 ] directions, with a spot separation of˜23Å in the real space [27] . We equated this to be the result of a MoO 2 (010) overlayer a that grows epitaxially on the Mo(110) surface with a coincidence structure described by matrix notation as, [ . DFT calculations suggest that the most stable configuration for the interfacial oxygen is in the 3-fold coordination [27,?] , same as measured with XPD for O on W(110) [9] . Furthermore, DFT calculations were able to explain the bright rows seen in the STM images. It was found that regions with interfacial oxygen located at or near to the 3-fold site appeared M A N U S C R I P T ACCEPTED MANUSCRIPT Fig. 3 . a. STM image of W(110) oxidized with 1 x10 −6 Torr oxygen at 1600 K for 60min. The image was taken at 77 K with a +68 mV sample bias and 0.1 nA tunnelling current. b. Line profile along the atomic rows in the direction marked as α, 2.5 ± 0.5 • north of W [11 1]. The crystallographic directions, which were determined by LEED, are indicated in relation to W(110) and referred to in the text.
bright, while areas located on bridge or top sites appeared dim [27] . This is a common feature of coincident lattice structures of oxides on metals [28] .
Given that the rows in the STM and LEED images are the result of a coincident lattice structure between a WO 2 (010) oxide layer and the W(110) surface, we can construct a model for this system. Using the atomically resolved STM image as our template, we have arranged the a WO 2 (010)oxide lattice model to match the lattice imaged with STM. As shown in figure 3a , the oxygen atoms of WO 2 (010) model, represented by the red circles, match with the bright spots in the STM image, which represent the atomic lattice of the real oxide surface. To achieve this we have orientated the WO 2 [100] Furthermore we needed to add a dislocation by shifting oxide lattice down 0.1 nm in the [3 3 7] direction at the left edge of each oxide row. The next step was to add the underlying W(110) surface to the model to show the relationship between the oxide layer and oxide the surface. This model, shown as the larger blue circles in 3a, is positioned such that the oxygen atoms at the corners of the superstructure unit cell (yellow box) are located above 3-fold sites of the W(110) surface. This position is known to be the most energetically favorable position for oxygen on the W(110) and Mo(110) surface. As one moves from this point to the right, along the W[11 1] direction the oxygen atoms are located on a two fold site, and then their position moves gradually towards the least energetically favorable (1.2 eV higher), on-top position [29] . However, after 8 units, we see that there is a shift and the 9th oxygen atom is located again on the 3-fold site. There is further evidence of this progression in the line profile of the STM image along this direction( figure 3b ). This line profile shows there is a gradual slope, with the left most, three fold coordinated, oxygen atom being the lowest. As we travel down the line, and as the interface oxygen atoms are located more and more towards the on top position, we have a gradual increase in height until there is a shift and the oxygen is again located at the three fold coordinated position. One could think that this is
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the ultimate result of a compromise between strain in the oxide layer and the adsorption energy of oxygen at the interface. Furthermore, with such a structure there is a 1:1 ratio of oxygen and tungsten incorporated in the metal surface and oxide layer. This would be in agreement with the values for the saturated oxide layer as measured by others [2, 5] .
Conclusion
We have shown that a WO 2 (010) oxide layer grows on the W(110) surface when the sample is annealed at between 1000 K to 1600 K in an oxygen environment of 1 x10 -6 Torr oxygen pressure. Using LEED and STM we found that this oxide layer forms a row structure on the surface with a unit cell that is described in matrix notation as
. By matching a structure model of the WO 2 (010) and W(110) surface to the atomically resolved STM data we were able to construct a model for the oxide layer. This model is consistent with the model developed for that of the very similar MoO 2 /Mo(110) system. While the structure of both Molybdenum and Tungsten as well as their dioxides are almost identical, we find a similar, but noticeably different coincident structures for the two systems. Considering that the interface energy between the metal and oxide is a balance between the elastic properties and the binding energy between the two, it is reasonable to expect that differences in these properties (which have been completely neglected in our geometrical description) could lead to the slight differences that we see in the two systems.
It is known that there is one further difference between tungsten and molybdenum oxides. At high pressure tungsten oxide can undergo transformation into an orthorhombic phase [30] . This is not the case for the molybdenum oxides. Such an orthorhombic oxide could conceivably be formed on the W(110) surface under the influence of lattice mismatch strain in our sample. This could open another avenue for establishing a model alternative to the one presented in the paper to explain experimental results obtained. We did not pursue this avenue due to the complexity of the orthorhombic tungsten oxide phase. Instead we favored a simpler explanation. 
